In this Letter, we propose a hybrid plasmonic nanosystem consisting of a silver cladding layer with a semicylinder bump on top of InGaAsP nanowire. Because of the coupling between the dielectric waveguide mode and surface plasmon polariton mode, the hybrid plasmonic mode can exhibit low loss with strong field localization. The finite element method numerical simulations are employed to evaluate the performances of the hybrid mode. In order to achieve the lossless propagation of the hybrid mode with the mode area of 0:0058ðλ 2 =4Þ at 1:55 μm, the material gain of 200 nm × 300 nm InGaAsP nanowire should reach 1223 cm −1 . © 2011 Optical Society of America OCIS codes: 240.6680, 130.2755.
The fantastic goal for computing with light instead of relatively slow electrons has motivated research into optical components capable of guiding light with nanoscale confinement. Surface plasmon polaritons (SPPs) can confine electromagnetic waves at the subwavelength scale with the ability to break the diffraction limit and therefore they become suitable candidates for light guiding in optical circuits [1] . A number of strategies about the waveguiding of SPPs have been attracting intensive attention, such as metallic gap waveguide [2, 3] , nanowire [4] , plasmonic wedge [5] , V -groove channel [6] , and dielectric-loaded SPP waveguide [7] . However, the practical applications of passive SPP waveguides in nanoscale are hindered by the intrinsic heating loss in metal. As a promise solution to obtain lossless SPP waveguide in nanoscale, optical gain medium, such as dye molecules [8] , quantum dot inclusions [9] , and semiconductor quantum wells [10] can be introduced to compensate the loss by the process of stimulated emission. Large magnitude of this effect can result in a complete compensation of loss and may even lead to the SPP lasing, which is known as SPASER [11] (surface plasmon amplification by stimulated emission of radiation).
Recently, the hybrid plasmonic waveguides [12] [13] [14] [15] exhibiting the low loss with strong field localization are proposed, due to the coupling between the lossless waveguide mode and the SPP mode. In this Letter, we investigate the nanosystem consisting of a silver cladding layer with a semicylinder bump on top of InGaAsP nanowire with rectangular cross section, as shown in Fig. 1 . The diameter of the sliver semicylinder is d. The width and height of the InGaAsP nanowire are w and h, and the gap fulfilled with silica between the gain medium and silver semicylinder is g. The pump light can be incident from the quartz substrate. Compared to the similar hybrid systems in previous works [11, 12] , the metallic semicylinder is employed to focus the electromagnetic field along the x direction and the coupling between the SPP mode and waveguide mode in gain media can be easily tuned by the shape of cylinder. In the numerical simulations, the finite element method (FEM) is adopted to obtain the effective refractive index and electromagnetic field distribution for the hybrid mode at the telecommunication wavelength of λ ¼ 1:55 μm. The complex propagation constant β for the hybrid mode propagating along the z direction can be retrieved from the eigenvalue solver in FEM simulation. Then the effective mode index n eff ¼ β=k 0 is obtained and the propagation length without gain is calculated as L m ¼ 1=2 ImðβÞ. The key parameter indicating the confinement capability of the hybrid mode is effective mode area A m , which is defined as the ratio of the total mode energy density W m and the peak energy density W ð rÞ [16] .
Here, jEð rÞj 2 and jHð rÞj 2 are the intensity of electric and magnetic fields respectively. Thus the Drude-Lorentz model [17] is adopted to evaluate the dielectric constant of silver by fitting the experimental data [18] . In the following discussions, we use normalized mode area
to evaluate the confinement of the hybrid mode.
In order to investigate the dependences of the hybrid system on the geometry configurations, we adopt the effective mode index neff, propagation length L m , and normalized mode area A m =A 0 to evaluate the performances of the hybrid mode. Figure 2 show the dependences of the hybrid plasmonic mode on the height h of the gain medium. In our proposed system, the silver semicylinder performs like a plasmonic wedge waveguide [19] . From the numerical calculations, it is found that the performance of the hybrid mode is highly related to the gap g. The propagation length increases from about 8 μm to 26 μm and the normalized mode area increase from 1=212 to 1=27 with the gap g varying from 5 nm to 50 nm for h ¼ 180 nm and d ¼ 100 nm, as illustrated in Figs. 2(a) and 2(b). A higher propagation loss usually corresponds to a larger effective mode index for pure SPP mode. From the inset of Fig. 2(a) , the propagation length of the hybrid mode arises with the increase of effective mode index for h less than 200 nm, exhibiting the pure SPP property. However the situation is inverse for h larger than 200 nm. When the size of InGaAsP nanowire is large enough, the waveguide mode with low loss in the gain medium emerges and the propagation length starts to increase. Then the SPP mode localized at the apex of semicylinder begins to couple with this photonic waveguide mode. In order to get a deeper understanding of the hybrid mode, it is instructive to plot the field distributions. For large h and g, the mode coupling results in a hybrid mode that features both waveguide and SPP characteristics. The profile of the waveguide mode is obviously observed from Fig. 2(c) . With the decrease of h, the mode energy is gradually transferred into the nanosize dielectric gap between the gain medium and silver semicylinder. The minimum mode area is achieved at h ¼ 180 nm, indicating the strongest field confinement. Figures 2(d) and 2(e) demonstrate the energy distributions for g ¼ 20 nm and 5 nm for h ¼ 180 nm, respectively. Compared to the dielectric nanowire/metal substrate system, the mode property of our system is less sensitive to the size of gain medium, especially in small gap situation.
As discussed above, we find that the mode area is proportional to the propagation length, which means the stronger confinement is always accompanied with the higher loss. The optical gain of InGaAsP nanowire can be introduced to achieve lossless propagation of hybrid plasmonic mode with deep subwavelength confinement. We can calculate the threshold material gain required for the lossless propagation, corresponding to the image part of effective mode index Imðn eff ¼ 0Þ. The curves depicted in Fig. 3(b) are derived from the FEM calculations and show the threshold material gain required for lossless propagation, with each curve corresponding to a different gap g. Generally, only the electromagnetic field localized in the gain medium can be amplified. Thus the gain requirement decreases with h increasing and the changes are obviously more sensitive for the structure with large gap as expected from Fig. 3(a) . The proportions P InGaAsP of electromagnetic energy stored in the semiconductor nanowire achieve nearly 60% at h ¼ 300 nm for all the four different gaps; thus the waveguide mode dominates the performances of the hybrid mode. When h varies from 100 nm to 300 nm, the character of hybrid mode evolves from SPP-like behavior to waveguidelike behavior. It is also easy to find a critical point of strongest coupling between the SPPs and waveguide mode, near h ¼ 180 nm, corresponding to the minimum mode area (maximum A 0 =A m in Fig. 2(b) ). At the critical point, the gain required for lossless propagation is about 2100 cm −1 for all four different gaps. For h > 180 nm, the waveguidelike character with low loss make the gain requirement decrease with g increasing. The gain values for h ¼ 300 nm are 1223 cm −1 , 998 cm −1 , 745 cm −1 , and 441 cm −1 , corresponding to g ¼ 5 nm, 10 nm, 20 nm, and 50 nm, respectively. These values suggest that currently available InGaAsP gain medium [20, 21] can provide enough gain for lossless propagation. Moreover, for g ¼ 5 nm, the mode area of 0:0058ðλ 2 =4Þ is achieved, leading to the lossless nanoscale optical guiding. For h < 180 nm, the gain requirement increases with the gap widening, which is very consistent with the works about the gain-assisted propagation of SPPs done by Nezhad [22] . The gain values are in the range of several thousands cm −1 , which are difficult to be achieved. However, if the miniaturization of the gain medium can be made to the point where quantum confinements take effect, the optical gains can be potentially achieved of the order of 10 4 to 10 5 cm −1 [23] . This gives the possibility for the development of gain-assisted optical waveguide toward tens nanometer scale.
For small gap situation, the electromagnetic field is highly focused at the apex of silver semicylinder. So the shape of the silver semicylinder is another key factor that affects the property of the hybrid mode. Figure 4(a) demonstrates the dependence of the hybrid mode on the diameter d for g ¼ 5 nm. When d is larger than 60 nm, the hybrid mode is not very sensitive to the change of d. With d decreasing below 60 nm, the mode area enlarges sharply and the electromagnetic energy starts to flow into the gain medium. The small semicylinder cannot focus the entire field at the apex of the bump and parts of fields are transferred into the sliver-silica plane interface, as shown in the inset of Fig. 4(a) . In the device fabrication, it is more difficult to obtain a semicircle groove than a semiellipse groove by using etching techniques. Figure 4(b) shows the dependence of the hybrid mode on shape of the semiellipse bump for g ¼ 5 nm. The insets denote the two axes d x and d y of the ellipse. Because of the lighting rod effects, the sharp tip of the semiellipse bump results in significant strong field confinement and a small mode area. When d x changes from 50 nm to 200 nm, the mode area expands almost three times, and the gain requirement only decreases from 2497 cm −1 to 1880 cm −1 . The tradeoff between the gain requirements and confinements should be considered in the device fabrication.
In conclusion, we propose a metal dielectric semiconductor gap waveguide consisting of a silver cladding layer with a semicylinder bump on top of InGaAsP nanowire. The hybrid plasmonic mode featuring both waveguide and SPP characteristics has a significant amount of its energy stored in the thin dielectric gap, leading to a highly localized field distribution with nanoscale mode area. In the presence of the gain in InGaAsP nanowire, the absorption loss in metal can be compensated to realize the lossless optical guiding with nanoscale confinement.
